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Abstract

ln]plemcntation  and results of a real-tire GPS orbit
correction process for WADCJPS is presented. The current
processing utilizes data from SATLOC’S North  Arncrictit
reference net work. It has been in operation since
November 13, 1996. Every 15 minutes it processes the

accumulated data from the previous 15 minutes. The GPS
horimntal  orbit accuracy over this network is 1.2 m rms.
The horizontal orbit accuracy over the north latitudes of
the Western hemisphere 2.0 m rrus. Augmenting this
network with 6 IGS sites including Hawaii, Alaska, md
13crmuda, Kxluces the horizontal orbit accuracy over the
north latitudes of the Western hemisphere to 1 meter rms.
3“hc zenith troposphere errors from this processing arc 1-2
cIn rms.

Introduction

A Wide Area Differential GPS (WADGPS)  system, of
which the Federal Aviation Administration’s Wide Am
Augmentation System (WAAS)  is a particular example,
consists of three components: a fast (l-second)
pseudorangc correction to account primarily for the -25
meter CiPS clock errors induced by selective avaikibility,
:in ionosphere correction to account for typical 4 meter
ionosphere delays at L-band, and a GPS orbit correction to
account for an imprecise 5 meter (3D) broadcast
ephemeris. A brief summary 01 each component follows:

The fast pseudorange  correction is similar to real-time
COUeCk)IX  LISCd 111 10Cd MG1 DCJpS. In addition to
removing the GPS clock errors, this correction also
rcxiuccs the GPS orbit error, particularly the radial
component. For local networks, nearly all of the GPS
orbit error can be absorbed into the clock corrections. For
an extended network like WAAS;  the contribution to the
user’s UDRE (LJser  Dift’crcntial  Range Error) ot’ the dowm
track and cross-track error components of the broadcm
orbit can be reduced at least by a factor of 8 by the fmt
clock corrector, but otherwise contributes to the user’s
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UDRE [1 ][2]. To improve performance of an extended
DGPS network, the orbits used by the fast corrector
should originate from a more precise source such as an
orbit correction process. An additional benctitot such a
process is that it &lso isol:ttes and identifies errors in a
WADGPS system by separating orbit error from  clock
error.

The ionosphere correction solves for an ionosphere shell
in a sohr-magnetic  t’rarnc which is fixed with respect to
thesun-Eardrline  [3][4][5]. Gridding  this shell and using
local supporl  solved for ver&ex  values can be hi-linearly
interpreted to any desired point. The accuracy ot’ this
process is determined by the proximity 01 the observer [o
the rclerence  sites. That is, the further a user is from a
reference site where data is being collected, the greater will
bc the ionosphere contribution to a user’s UDRE. For
users requiring several decimeter accuracy regardless of
their locality, dual frequency receivers can bc utilized to
eliminate these errors.

The orbit correction process makes con~prchcnsive  use of
dynamics to relate a time sequence of measurements to the
solved for spacccratl states. Precise nmdclillg of the forces
acting on the GPS spacecraft (gravity, solar radiation,
thermal emissions) and precise modeling of the receiver’s
positiotl (phme ceutcr variations, Earth rotation arKl
wobble, solid tides, ocean loading, crostal plate motion,
carrier phase windup) makes possible sub-ccntimcler
representation of the GPS phm ck~ta with respect to the
GPS spacemt’t’s  epoch state. This external information
n~inin~iTcs the number of parameters adjusted aIKl
maximizes the solution strength [6]. The dynamic orbit
model also allows the GPS spacecraft positions to be
predicuiblc with little loss of accuracy for several hours.

Without any of these components, a single frequency
user’s :iccumcy is typically 50 meters in horizontal, and
100 meters in 3D. With tlicsc corrections, a WAAS
user’s accuracy is stipulated to be 7.6 meters in
horizontal, and 10.7 meters in 3D [7]. Wc note however
that current implementation ancl testing of a real-time
WADGPS systcm at JPL suggests that sub-meter, arKl
potentially several dccimetcr  accuracy is attainable [8].

The purpose of this paper is to present the
in~plcmcntation and results of a real-time CJPS orbit
correction process that has been developed at JPL over the
past year. Since November 1996, the process lMLS been
continuous y ingesting data from SATLOCS’s North
American reference network in real-time. Figures 1 and 2

show the configuration of this network, This is similar
to the WAAS retcrencc network cxccp[ without the
proposed sites in Hawaii and Alaska, and possibly the
Caribbcall.  To simulate the results of a WAAS-type
network, 6 sites arc additionally added to the orbit process
in a like tnanncr. These sites, :LS indicated in ligurc 1, am
stations in the IGS’s (International GPS Service) global
nctw,ork  in which data dots not arrive in real-time but
packaged in 24-hour files [9]. These tiles, a[ong  with the
archived S ATLOC data tiles tor the same period, arc
ciividcd up and conveyed to the orbit correction process :LS
it’ the data were arriving in real-time.

● !MTLOC network El additional peripheral sites

l~igurc 1 . ) Current 14 s t a t i o n SA’I’I. OC
network configuration. A l s o  s h o w n  i s  t h e
extended network with lGS sites in (clockwise
from the top) Fairbanks Alaska, Yellowknife
can.> Algonquin C a n . ,  S t . J o h n ’ s  C a n . ,
IIcrmuda, and Kokec l’ark Hawaii .
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west longitude

l~igure 2 . )  l)etail o f  SAri’l.OC’s 1 4  s t a t i o n
network.

The orbit results  of the SATLOC processing arc compaml
to an exhaustively smoothed solution performed 1.5 days



after real-time
from the IGS.

that utilizes a global distribution 01 cM4
The 3D accuracy of these truth orbits is

-20 cm rms. [10] Similarly, the orbit rcsulLs of the
extended network (SATLOC  sites plus the 6 ICIS sites) arc
also compared [o these truth orbits.

One of the error sources in the fast p.seudorange  process is
the troposphere delay. This must either be solved for, or
obtained otherwise such as tiom surface meteorological
data. This same delay is also accounted for in the much
slower orbit processing where it is typical 1 y treated as ii
solved for stochastic parameter. These zc ni th troposphere
solutions, along with the solved for CJPS orbits, can
additirmdly be pawed on to the fast process. In general
the surtace data is not AS accurate as the calibration that
can be obtain from orbit correction process [11]. Three
zenith troposphere solutions from the orbit processing arc
additionally compared to truth solutions obtained by
point-positioning the receivers in the rcfcrencc network
with 24-hours of data. These truth solutions are :iccuratc
to 0.6 CI1l rms. [12][13][ 14]

Finally, to assess the impact of the orbit correction
process on a user’s position, the SATLOC  receivers arc
positioned with the fast clock corrections as computed
with various orbit solutions: 1.) the brmdmst  orbit, 2.)
orbits generated from the S ATLOC net work, 3,) orbits
from the extended network, and 4.) orbiLs from a global
network.

Current Implementation

The orbit correction process currentty utili~es J PL’s
CiIPSY OASIS 11 (GOA II) [15][16], which has a Jong
history in precise orbit dc[crrnination for both GPS arKl
other spacmraft  [17][18][19][20], and in precise CiPS
geodetic applications [21 ][22]. CTOA 11 primarily consists
of a set of FORrRAN  programs, encapsulated by C shell
or pert scripts. These individual scripts are unit functional
in that their purpose is to perlcmn a unique computation.
What makes these scripts and programs effective is the
way they communicate with each other through a variety
of input and output f-lles. The orbit correction process
currently implemented and running consists of over 3000
lines 01” perl code that 1.) intelligently processes the
incoming dam stream, 2.) effectively swings  together the
various GOA II scripts, 3.) performs quality checks on the
data l“it, 4.) maps the CJPS  orbits and outputs suitable
orbit and troposphere fr lCS, and 5 . )  automatical  Iy

diilgIIOSCS and determines a course of action for prospective
problems.

In summary, the orbit correction process currcntty
processes 3 minute smoothed pscudorange and decimated
phme ionosphere-free observable and solves for the GPS
spacccratls’ states and clocks, the receivers’ clocks
(excluding a reference clock) and mnith troposphere delays,
and ph~$c bias parameters t’or each phase arc. A more
comprehensive synopsis of the processing follows:

The data tiles are acCu[nuliitd  by a data management
procedure that rea(is from shred memory the real-time
SATL.OC  data stream transmitted over dcdcatcd frame-
relay phone lines, The fast pscudorange  process also rtitik
from the same shartii memory segment to compute the
real-time clock corrections. ‘f’his d a t a  nlanagemen(
procedure c o m p r e s s e s  t h e  1.1 and 1.2 plmsc and
pseudorange  data to 30 seconds and outpuL$  N minute data
tiles in rincx forrn:it. The noisier L2 phxe due to Anti-
Spooting (AS) is smoothed with a fit to L1-L2 since tile
ionosphere is SIIIOOthCr than L2 over short intervals.
Carrier-aided smoothing or Hatch smoothing is applied to
the pserrdorange  data. The L 1 phase data is simply
decinlatcd to 30 seconds. Phase bre,aks are detected by
looking a~ the continuity of L 1 and L2 phase aI the 1-
Hcr~ data rate. During this compression, the nav
solution is used to steer the receiver’s clock, while
millisecond jumps iu the pscudorange  data are detected and
the appropriate correction is applied to the integrated phase
data. These jumps occur because the receivers, which run
of~ internal crystal oscillators, reset their clock values
with millisecond increments whenever the clock drifts
more than a millisecond from CIPS time.

The orbit correction process itself is initiated by a cron
every N minutes. Atter the current N minute data tiles m
completed and closed, a new’ directory is established. !30th
the current and tmvious  N minute data files are then
merged for common stations, edited to determine
additional ph:l$e breaks, corrected for frrst-order ionosphere
ef[ccLs with a linear combination of dah at L1 and L2
frequencies, and compressed to 3 minute points. The 3-
minutc compression is smaller than that typically used for
post-processed GPS orbit determination since it reduces
the potential of data breaks that inevitability occur in the
transmission of a real-time diita stream. This final
compression smooths  the  30 second pseudorangc
observablcs  with the ph:tse (mm }Iatch smoothing) ,
while the plme observablcs  m decimated and aligned to



within a narmwlanc wavelength (-10.7 cm) 01 the first
corresponding pseudorange point on the merged file.

In order to make phase continuous with the previous N
minu[e orbit correction solution, a re-alignment  of the
phase obscrvables  is required. This is the primary reason
that the previous N minute data tiles are additionally used
in the current editing. By looking at the dWerencc
between common phase observablcs  belwecn the previous
N minute orbit correction process and the current N
minute process, consistent adjustment of n:wrowhnc
w;ivelcngths is obtained. After this re-alignment  of the
ph:Lsc obscrvables,  only the current N minute data arc is
retained for the orbit correction process.

Other i[lformation that is passed from  Lhe previous N
minute orbit correction process that must be accounted for
is the carrier phase windup. Due to the right-hand circular
polarintion  of the GPS signal, a complete rotation of one
participant, either the transmitter or receiver, add a
wavelength to the accumulated phase measurement, GOA
II accounts for this internally in the modeling of the phme
data. To make the phase continuous for successive data
i-its, the previous phzse windup correction of the last N
minute orbit conection initializes the phase windup of the
current N minute orbit correction.

Additionally, the state partials of the CiPS spacecrat’1  aIKi
their dynamic parameters for the previous data lit and tlic
currcntdatatithavc  a common epoch. Atlcr24 hours, a
new nominal orbit based on the htst orbit correction
pmccssiscreated.  Thisupclatc changcs only thccpocbof
the partials  tilddyt~~~~ic pmwilctersa)dllot  the nominal
orbit, At the same time, the solved for Ear~h  wobble
pw:ulleters  (xal(iy pol~lllotioll paramctcrs)a reupdatcd
(white-noise up&ltes), and the solved for Elarth rotation
mte (Iength-of-ctay)  is integrated and also updated. Thtxc
corrections arc then added to the nominal Eartl I rotation
andpola  rmotion series (UTPM series). Furthermore, the
CiPS spacecrafts’  covarianccs,  estimates, andnominals  arc
mapped to the current epoch, rotated to an IZ-wth-tixed
system with tbc old LJTPM series, then mtatcd back to an
inertial system with theupd.ated  UTPM series.

F ina l ly ,  the current data tit is initiali~ed with the
covariance and confections from the previous data fit, or
from onc of the 24-hour GPS epoch updatcsas  dcmibcd
above it’ appropriate. No information is ever lost in
going from oncdata  iit to the next, The processing is
seamless :LS if the data were.  processed in one continuous
arc ,

Qwility checks on the data fit include searches ft]r l.)
piccc-wisc jumpsin  the smootbcdposttit  residual so fthe
phascgrcatcr  than 5 cm and 2.) smoothcdpostiit  residual
pseudorangc points greater than 2 meters. In the first
c:tse, additional pha.sebrcaks arc inserted and the data is rc-
iittcd. 11) thC second c~se, a  f&st dow,ndating  :tlgorithm
[23]is uscdtorcmovethc  outlying pseodomnge points .
It proves that the longer the N minute data arc being
titted, the more comprehensive and successful these
anomaly searches become.

Each orbit solution delivers to the fast pseudorangc
proccss  sn~oothedGPS  orbitsolutions  within the datii:mc
and predicted GPS orbit solutimls  mapped 2 hours atlcr
d]ce[](l  ol”tilctimiirc. The orbit solutions arerotatcd  m
an Earth-fixed system with the solved for l_JTPM
l~wzlitlcters ;ul(lexpressccl  t~’ifll respect to the CJPS’s pb:tse
center. Additionally, a polynolnial  fit is made to the
solved for ?enitb troposphere delays and the predic~cd
values tare also made available to the fast process.

Should a station or spacecratl  consistently have large
outlicrs or anomalous number of phzsc breaks after several
data fits, it is :iotomatically  flagged  as suspicious and
rcmovcdlrom  successive orbit correction solutions, This
occurs particularly whenever a GPS spacezratl  is being
repositioned. All scheduled and unscheduled maneuvers
are easily detected this way. After 1.5 days has p:L$scd aIKl
a good solution for the rcpositionccl  C,PS has been
obtained by other means [10], manual  intervention allows
the repositioned GPS back into the orbit correction
process. Should a station experience rcpxatcd problems
over successive data tits, it is also taken oft’ line
automatically. Again only alter lnanual  intervention is it
allowed back into the orbit correction process.

The sotlwarc  is capable ol running in a filtering only
]Imlccvcry5  minutes with 5 minute points. This would
generate an overwhelming 288 orbit solutions per day.
Since the GPS orbits arc very predictable and the
trc>pospl}cre solution clocsllot ctl:illge I[lorc than a few cIn
in tens 0! minutes, the current operation wakes up every
1S minutes (o process the previous 1S minutes Of
accumulated data. This results in a tlloreIl\~}ageable96
orbit solutionspcr  day. Each data fit uses 3 minute data
poirltst oII]illirt~i?eda t:tol]t:Lgcs from transmission loses.
Aclditiot~ally, ticorbit correction] ~)rocess stt~ootilstt]c data
to better analym postfit data residuals,



Future Implementation

When we developed GC)A II, since all the anticipated
processing wm to be performed after the data had been
collected ancl archived in large history tiles, it wa$
rcmonahle  to  bui ld  uni t  funct ional scripts that
communicated among themselves with a multitude of file
intert’aces. This however is not optimal for a real-time
orbit correction process. New code, catled RTG (Reat-
Time Gipsy), currentty  being developed by the authors and
others at JPL, is more attuned to real-time processing.
RTG is written entirely in ANS 1 c. It includes all the
precise models of GOA 11 but not yet all ot it’s
flexibility.

71\c !-lcxibility that GOA II provides has p r o v e n
invattrable in tuning and experimenting with the orbit
correction process. The lessons learned from the described
orbit correction procms  are being applied to the RTG orbit
correction process under cteveloprnent.  A brict comparison
of the RTC7 implementation of the orbit correction process
with the CIOA II implementation follows:

RTG will not operate in a smoothing mode. After each
intcrvat  (or bmcb) of data is filtered, the predicted orbit arK!
troposphere products  wil I be made available to the fast
pseudorange  correct ions.  This  wil l  diminish the
effectiveness of the current quality checks. To minimize
this impact, postfit residuats  are rc-comprned  after all the
data from a batch has been processed bawd on the current
estimate. These single-batch-smoothed posttit  residuals
arc then used in the quality checks.

RTG will retain the ability to W or remove sp:icecraft or
ground receivers on the fly. That is, when data from a
new GPS becomes available, and it’ nomin~ls are
available, the orbit process will automatic:illy  insert into
the Ill ter’s covariance  and estimate the necessary states.
The same is true if a new receiver comes on line.

Furthermore, only a minimal number of phase bias
parameters will be retained in the processing. When a
bias parameter  is no longer JK..CL a rank-one update is
used to remove it from the filter’s states. When a new
phase arc is acquired, a new phase bias parameter will bc
inserted into the filter’s state.

Updated nominal Earth rotation and polar motion series,
along with otlwr new nominals for GPS states, receiver
configurations, or stochastic attributes of the filter’s
states, are also incorporated on the fly by sending a user

dctincd signal to the orbit correction process. In the GLSC
01 n e w  U T P M  norninats,  the tilter’s covariancc,
estimates, and nominals are rotated to an Earth-fixed
system with the old UTPM series, then rotated hack to w]
inertial system with the new UTPM series. Other
nominals  will either update the modeling of the
participants or be used to append the existing list of
participants.

LJnlikc GOA 11 which uscs a pseudo-epoch stale to
incorporate piece-wise dynamic process noise, the RTG
itnplelIlellt;tti{~tl uses an “almost” current stiItc
formulation. “Almost” here rclers the necessity of
accounting for the light-time in computation of the
satellite state partials. The RTG orbit irl~plcr~lcrl~ltic~ll
will t’unction  much like an extended Kalman filter.

Finally, the RTG implernenttition  will be somewhat
simplified since besides from user namclist type inputs,
there will be no complex t-he interfaces to maintain. For
instance, the previous phase windup and falter’s covariancc
and estimates will remain in memory until the next
interval of data is available.

Orbit Results

The GPS orbital parameters along with the 6 clement
Cartesian state include a solar-radiation scale (solar-scale)
estim:ite. and a y-axis acceleration (y-bi?Ls)  estimu(c. ~Ie
Cartesian state parameters are estimated as bias parameters
with 1 meter  position and .05 n~m/scc velocity apriori,
while the Soh+r-scale and y-bias parameters are rnoddcd :LS
r:irdorn-walls with stochastic increments of 0.01
(unittess)  and 0.02 ll~loll\ctc.rs/sec/sec pcr update which
occurs every 15 minutes, respectively. Tuning these
stochastic dynamics proves particularly imporlant since
only when the GPS are in view of a WADGPS network
arc observablcs  available for processing. The individual
GPS covarianccs must be adjusted so that when they
reappear to the network on successive passes, the
covariamces are not unduly restrained. That is, new data is
allowed to readjust the estimates. On the other hand, the
adjustment to the covariance must not be so great as to
lose integrity in the orbit. Figure 3 shows the 3D formal
sigmas from  a typical 1 S-lninutc orbit solution. The
GPS satellites in view have. a 3D sigma ot’ less than 1
meter, while others may be as large as 4 meters when they
arc out of view. For the cme of the extended network, the
3D formal sigrnm are moderately smaller.
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mapped every 5 minutes.
weighted at 1 cm and the
weighted at 1 meter.

The orbit  solution
first 1/4 hour from
The G1’S s/c are
The phase data is

pseorlorange  data i s

To :L$sess  the accuracy of these orbits, the GPS orbit
solutions are compared every 5 minutes withio the data arc
to post-processed solutions generated from a global
network. These truth orbits are accurate, to -20 cm 31)
rms. [1 O] The orbit comparison is performed over two
sizes of latitucte/longitude boxes that enclose the
SATLOC and extended networks (see figure  4). The first
box encloses the area north-south from Anchorage Alaska
to Cuba, and west-east  from Hawaii to Newfoundland,
Canada. The second box COC1OSCS the north latitudes of
the Western hero ispllere, or 1/4 of al I the CiPS ground

tracks.

~
Box 2 Is 70 to O N. In Lat.

and 210 to 310 In L“ong.  “ and 180 to 360 In Long.

F i g u r e  4 . )  T h e  G1’S o r b i t  s o l u t i o n s are
compared to -20 cm 31) rms.  post-processed
orbits generated from a global network over
boxes 1 and 2 to ascertain the orhit accuracy.

Figure 5 shows the quadrature sum ot’ the a-oss-track and
dowo-wack errors of the GPS spacecraft over box 1 for the
period 96nov14 to %dec]  7. The average horizontal GPS
orbit error is 1.24 while the avemge vertical GPS orbit
error (not shown) is 0.42 meters over this period, The
rrutximum  latency for each 15-minute solution is 20
minutes (15 minutes of Ma collection plus 5 minutes 01
processing). However, as figure  6 shows, latency is not
really an issue since the GPS orbits arc very predictable
over these short intervals. [n the anticipated RTG
implementation, the maximurtl  latency is reduced to just

the processing tirnc.

1 (jet______.__+  . ._ -  ..+ . .__ t . .-.-.  t.  -----–+._~_r

l:!average rms. e’rror  is 1.24 meters ~

~8
over Iafflong box 1,.. , . . . . . . . . . . . , . . . . . .

1

time (days)

Figure  5.) Ilorizontal  G1’S orbit  error for the
period 96nov14 to 96dec17  over box 1. A
GPS orhit solution \vas computed every 15-
minotes with the real-time data stream from
the SAI’I,OC network.

-t 4—--— ----- - t - - - - Y - - -

I within the data arc ave 0.94 meters
-G-3 - ‘“ . . . . . . . . . .

-o- -- after 15 min prediction ave 0.98 meters
~: /

o~ t - - ” -  i i -- --i
0.5 1 1.5 2

time (days)

IJigore 6.) Horizontal (;1’S  orbit error for the
period 96sep20 to 96se~121. I’he 15-minute
predicted orbit solution f r o m  a previous



4 +–-–t –-–4–-– + —-—t—— +–~—-tsolution is only marginally greater than the
orhit solution within the 15-minute data arc.

Figure  7 show’s  the quadrature sum 01 the cross-trtick  itIKi
down-track errors of the GPS spacecraft over box 2 for the
period 96nov 14 to 96decl 7. The average horizontal  rms
orbit error is 2.05 while the average vertical rms error (not
shown) is 0.72 meters over this period. The iargc error
“spikes” are due [o the GPS spacecraft drifting into view
ot’ the network either from west to east or from south to
north. Some GPS spacecraft are not so predictable alter
severai hours due to anomaious  or un-modeicd  forces  on
the spacecmft  or in particular angular momentum dumps

which may impart to the spacecraft smai i accelerations.
Usuaiiy after a 15-n~inute  data solution the newiy  acquired

GPS spacecraft’s accuracy drops to the 2 meter levci.
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Figure  7.) I[orizontal  [;1’S  orhit  error for the
peg’iorl  96nov14 to 96dec17 over hox 2. A G 1 ’ S
or-hit solution was computed every 15 minutes
with the real-t ime data s t ream from the
SArl’I, OC network.

T o  simuiate  a WAAS-type  s cena r io ,  6 a(i(iitional IC,S
stations are ak!ed to the SATL.OC  network. Figure 8
shows the quadrature sum of’ the cross-trtick  and doww
track errors of the GPS spacecraft over box 1 for the
period !Xiiedll  to 96decl  7. The last 13 d a y s  ot’ t h e
SAT1.OC  network soiution from figure 5 arc addcti for
comparison. For this period, the adciition of the peripheral
sites reducm the average hori~,ontal CIPS orbit error  from
1.18 meters to 0.73 meters. ‘I’he avcmgc vertical GPS
orbit error (not shown) reduces from 0.40 meters 10 0.33
meters.

~h—SATLOC network (1.18 m ave.)
.-... e~tended network (o.73 m ave. )

y ;3— 1-

0 + – - . .  - +
~–—-~~-––~~—t  ‘ 1’ -  --4

0 2 4 6 8 10 12 14
time (days)

l’igure 8.) Horizontal GPS orbit error for the
p e r i o d  96dec04 to 96dec17 over hox 1 for both
the SATl,OC  n e t w o r k and the extended
network.

Finaily, I-lgure 9 shows tiw CilIdfd(LlrC  sum of the cross-

track and down-track errors of the GPS  spacecrat’t over box

2 for the period 96dec04 to 96dec 17. For this period, the
acidition of the peripheral sites reduces the average
horizontal GPS orbit error from 1.88 meters to 1.08
meters. The :ivcrage verticai CiPS orbit error (not shown)
reduces from 0.67 meters to 0.43 meters.
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\
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I’igure 9.) Horizontal G1’S orbit error for the
period 96dec04 to 96dec17 over box 2 f o r  b o t h
the SATl,OC  n e t w o r k and the extended
network.

Figure 6 a(idmsses  the probicm of wkkxl iatcncy to the
CiPS orbit soiution.  Removing the iatcncy associated
with the data collection and hence omitting smoothing in



the RTG implemcntltion  will inevitability increase the

orbit errors within the data arc. Figure 10 tries to addre+w
this: The Iiltered only solution computes the GPS orbits
immediately after each data batch. The previously
discussed 1 S-minute processing computes smoothed orbits
over the 15-minute data arc. Only at the end of each 15-
minutc  solution does the filtered orbit solution agree with
the smoothed orbit solution given the same data atKl
apriori  information. This is not evident in figure 10 since
the smoothed and tittered errors are computed over the
entire 1 S-minute solution, not just after the data batches.
Furthermore, no data editing of the solutions wa.$
pcrfonned for the filtered only solution. There is a
difference of nearly 700 outlying (> 2 meters) pseudorange
points belween the two graphed solutions. It is evident
that going to this scenario, the errors should be no more
than 10-20%, and more likely only a few percent greater if
the outlying data points are taken into account

2 -1.. --
I

0 0

- .---1 -------- t------ -- 4
--- filtered only solution
-----15 minute smoothed solution

.ot4- i - t~ 0 . 6 0 . 8

time (days)

Figure 10.)  Horizontal  GI’S filtered and 15-
minute smoothed orbit error for the period
96dec17  to 96dec18  o v e r  box 1  t h e  f o r  t h e
extended network.

Troposphere Results

The mnith troposphere detay is modeled as a randonl-walk
with stochastic increnwo~s of 2.3 mm per 3-n~inute
update. To obtain a troth estimate of the delay, each
archived 24-hour data tile is point-positioned with a
precise GPS solution which is computed from a global
network. Point-positioning refers  to processing a si[lglc
station with fixed GPS orbit.$  and clocks. only  the
station’s coordinates, clock, plmse, biases, and troposphere

parameters are estimated. These truth troposphere
estimates are accurate to 0.6 cm rms. [12][ 13][14] Figure
11 shows the troposphere sotutioll and the truth sotution
for Olympia, Washington on 97jan06. The rms.
difference between the solutiol~s  is 1.22 cm; the
maxiloum  diflcrcoce is 3.0 cm,

Note that shifting the graph ot’ the computed delay in
figure 11 by 20 minutes would represent the error due to
latency in the currcmt processing. The rrns.  chff’erence of
this shilted version of’ the delay with the truth yields
nearly the same results. This is because the troposphere
delay typically wiries on a time scale of several tens of
minutes. Again in the anticipmxl RTG implementation,
this tatency is recioced to just the processing time.
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: delay
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l:igore 11.) C o m p a r i s o n  o f computed
troposphere delay from SA’1’I,OC orbit
processing and truth delay for Olympia,
Washington on 97jan06.

Table 1 prcsent$  the rms. difkrcnce  for al I the stations
with respect to truth solutioos  for the period %decfll  to
~6dccl 7. Bo~I ~Ic S ATLOC network processing and the

extended network processing results arc presented. For
common stations during this period, the addition of’ the
peripheral sites reduces the rlos. chttercuce from an
average of 1.56 cm to 1.30 cm
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station SATLOC  ex tended

network network
(cm) (cm)

ARCA (Omville CA) 1.66 1.46

BEM1 (Grand Forks ND) 1.25 1.15

FRIE (l%iendswood  TX) 2.18 1.92

FTP1 (Vero  Beach FL) 1.86 1 .4(I

HAVR (Havre Montana) 1.27 1.21

HAYD (Hayden CO) 1.46 1.15

LAJO (Phonix Az) 1.68 1.35

LINC (Lincoln NB) 1.51 1.28

OLYM (Olympia WA) 1.32 1.17

ORON (Orono  Maine) 1.74 1.34

QUIS (Quincy Illinois) 1.53 1,27

RICH (Richrnoud VA) 1.48 1.11

ROSW (Roswell  NM) 1.64 1.24

STIG (St. Ignace MI) 1.26 1.09

FAIR (Fairbanks, Almka) 1.15

YELL (Yellowknife  Can.) Ogl

ALGO (Algonquin Carl.) 1 .Qy

STJO (St. John’s c~~.) 1 ,g~

BRMU (Bermuda) 1 .Ci

KOKB (Kokee  Hawaii) 1.80

‘1’ah]e I.) 1~ day rnw. d i f f e r e n c e  o f  z e n i t h
tropc~sphere  delay with truth delay as ~onlP[[ted
from independent point-positioned solutions

f o r  t h e  [jeriod 9~de~04 t o  9~dec17. ‘l’he
average rms.
processing is
for the same
processing is

difference of the SAI’I.OC orhit
1.56 cm while the average rms.

stations in the extended network
1.30 cm

Results of Stochastic Positioning

LJltilnately  it is not the accuracy of the orbit but of the
user”s position that is of interest. To directly evaluate die

etlcct of the various orbit solutions on user positioning,
13 of S ATLOC’s  receivcrsi arc stoch:isticd(y positioned

using a 1 S-minute segment of 1-second data. The last
clock corrections are computed from the same data set but
w i t h  chtfcrtmt o r b i t  s o l u t i o n s .  In the stoctlastic
positioning, the troposphere delays are held fixed m
previously solved for values since for short data arcs they

_——

i Data frotn HAVR (Havre,  Montana) was not available
for the data segment selected.

arc high[y  corrcla(ed Witil ~lc statioll’s  “ertic;d
component. Furthermore, both ionosphere-free ptm$c and
range is used in the processing and snmfiing  is
perkmncd  so :LS to atknv the phase bias estimates to
intlucncc the stoch~stic position estimates. Additionally,
outlying points arc edited bctbrc the final solutions arc
produced. Also no delay is modeled in the transmission of
the f:Lsl clock correctors to the users. Hence the resUks

presented that follow are an optimistic realization of user
positioning accumries  compad  to an actual WADGPS
user. An accurate awesment of user accuracy is descnkd
in the p:iper  by W. Bertiger, eI (Il. [8].

In the tirst case, the GPS broadclKt orbits arc lixed in the
fa$t clock correction process to obtain the GPS clock
solutions. The clock solutions arc then used to solve for
the receiver locations which arc modeled as a white-noise
processes. Table 2 presents the results. The 3D position
accuracy is 74.2 cm rms., which can be explained Lls

follows: The a~wragc distance of the sites to the centroid
of the SATL.OC network is 1355 km. Tt~is results  in a
factor of -1 S reduction of the broa[icast orbit error induced
by the tast corrections. Since the bori?ontal  broadcast
orbit error is 400 cm, the contribution to the UDRE is
then on average 27 cm. The contribution to the UDRE
from the list correction process is about 9 cm with 15-
minutcs of diita This can be inferred in the paper by T.
Yunck, et al. [2] in which a considered-cov:wiance anatysis
is pert’cmmxl. in [2], it was assumed that a phmc bias
error of 20 cm resulted after smoothing the pseudorange
for 5 minutes and that the resulting fast clock correction
mm is 15 cm. With 15 minutes of 1-second data, the
phase biis  error is rcduccd by a factor of R, and hence the
fast clock correction is reduced to about 9 cm. Summing
in quadr:itorc  these two quantities (27 and 9), atKl
multiplying this by a PDOP of 2.5 yields an expected
position error of -70 cm.

Similarly Tables 3, 4, and 5 present the rcsulLs of

stochasticatly positioning tlm network rcceivcrs with the
orbits CO1llpUted from the SATLOC network, from the
extended network, and from a  global network,

respectively. If we assume tliat the horizontal  orbit errors
are 120, 70, and 20 cm, respectively, and applying the
s~ime arguments a$ above yields cxpeclcd  position errors
of 30, 25, and 23 cm, respectively. The :ictiliil rms.

values arc 24.5, 22.5, and 22.0 cth.
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station East North vertical 3D
(cm) (an) (cm) (cm)

HAYD 6.7 3.7 9.5 12.2
RICH 20.3 4.5 14.9 25.5
LINC 15.5 11.6 21.2 28.7
FTPI: 24.7 10.2 24.8 36.4
STIC; 27.9 5.7 27.6 39,6

FRIE 12.6 5.5 38.5 40.9

ORON 29.6 12.7 42.3 53.1
Q U I S 33.1 24.6 57.0 70.4
ARCA 44.5 15.8 62.3 78.2
ROSW 7.2 24.2 88.9 92.4
LAJC) 15.9 21.2 920 95.7
OLYM 5.0 49.8 97.0 1(39,2

BEMI: 28.1 69.6 127.2 147.7
rms . 23.7 27.3 64.7 74.2

Table 2.) l~;rror components for stochastically
positioning the SA’I’I.OC  network with clock
corrections derived from the broadcast
ephemeris ohits.

Staticm East North Vertical 31)
(cm) ( a n ) (cm) ( a n )

ROSbl 0.6 2.9 1.9 3.6
HAYD 3.8 1.6 2.6 4.9

LINC 8.2 3.6 9.9 13.4
STIG 15.8 1.3 5.4 16.7
BI?MI: 16.1 10.4 3.5 19.5
ORON 16.7 1.1 10.7 ly.g

FTP1” 8.6 9.1 15.9 20.2
FRIE 5.0 1.2 20.2 20.8
QUIS 11.8 6.8 18.7 23.1
RICH 17.7 7.1 26.5 32.6
L,AJC) 7.5 22.6 22.8 33.0
OLYM 32.0 10.1 11.1 35.3
ARCA 11.4 11.1 39.1 42.2
rms . 14.2 9.0 17.9 24.5

Table 3.) lh-ror components for stochastically
positioning the SA’1’1.OC  network with clock
corrections derived from the SAI’I. OC. network
orl)its.

station E:Lst North Vertical 3D
(cm) (Cm) (cm) (cm)

HAYD 4.4 2.2 1.4 5.2
L I N C 6.5 Qy 3.6 7.5
OUIS 7.8 2.0 1.0 8.1
BEMI 11.9 8.6 2.5 14.9
ORON 15.1 1.8 4.1 15.7
ROSW 4.0 1.3 15.6 16.1
STIG 18.2 0.4 1.9 18.4
F’RIE 3.0 1.1 21.3 21.5
FTPI 7.9 9.2 19.1 22.6
L,A.TO 8.0 22.1 17.6 29.4
OL,YM 299 0.6 11.3 32.0
R I C H 15.X 7.7 29.1 34.0
ARCA 10.7 11.5 33.2 36.7
rms . 13.1 8.1 16.4 22.5

I’able 4.) Lh-ror components for stochastically
positioning the SA1’I,OC  network with clock
corrections derived from the extended network
orl)its.

station East Nmh vertical 3[)

(cm) (cm) (cm) (an)
1,1 NC 4.1 0.8 3.8 5.6
QUIS 6.3 0.8 3.1 7.0
Rosw 1.5 0.7 8.1 8.3
HAYD 10.1 2.1 5.4 11.7
STIG 12.8 1.1 1.7 12.9
ORON 12.9 1.5 9.1 15.9
FRIE 13.1 1.4 14.5 19.5
FTP I 7.3 10.0 15.4 19.8
REMI 21.8 6.5 2.0 22.8
ARCA 10.1 ]1,2 25.9 30.0
R I C H 14.2 5.4 27.8 31.7
l)AJO 7.4 22.3 21.4 31.8
OLYM 31.4 2.7 19.6 37.1
rms . 14.0 7,9 15.0 22.0

‘1’able  5.) Nrror components  for stochastically
positioning the SA’I’I,OC
corrections derived from
orhits.

network \vith clock
the global network
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Problems

There have been several failures of the orbit processing
since it wm initiated On November 13, 1996. The first
such failure ocxwwcl  on December 17, 1996 and was
caused by anomalous time-tags in the data stre:tm.  Since
the process is continuously running in an automated mode
this failure WZ$ undetectable for several hours. During
the period %clecl 7 to 96dec25  there were several failures
due to computer and data transmission problems. Iiowevcr
from 96dec25  to now (97jan09),  the orbit processing h:LS

been running continuously. Figure 12 shows the resulls ot’
the cold start which occurred on 96dec25. It typically
takes about 24-hours until there is sufticiant data strength
to reduce the orbit erorrs  to steady-state. in the future,
this  wil l  be el iminated by initiatizillg the apriori
covariance  with a full covariance from a previously solve41
for global orbit solution [10].

Summary

WADGPS UDRE is mostly composed of residual orbit
error and fast clock correction error. For a well
distributed network over the continental United States
such :L\ SATLOC’s  North AIncrican reference network, a
dual-frequency user’s 3D position accuracy with just
DGPS is limited by the imprecise brOadCIM orbits to on
average 70 cm. If the DGPS process is aided by an orbit
correction process, the user’s 3D position accuracy then
becomes limited by the fmt ck)ck correction error. For
(iual-lrequcnc y WADGPS users, several decimeter
accuracies arc attainable.
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Orbit Correction Process

Current process wakes up everv 15 minutes and processes the previouslyw “
accumulated 15 minutes of data.

— operating since November
— 3-minute decimated phase
— solves for:

● GPS orbits and clocks

13,1996.

and smoothed pseudorange data points.

● receiver zenith troposphere delavs and clocks

● phase bias parameter for each phase arc

Makes comprehensive use of dvnamics.*
— precise dynamic orbit model allows GPS satellite prediction with little

lose of accuracy.
— some process noise added to deweight older solutions.

ION National Technical Meeting, Santa Monica, CA 16-Jan-1997 2
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Orbit Correction Process

Current solution initialized bv the previous data fit.“
— epoch of spacecraft partials  updated every 24-hours.
— seamless processing as if the data was processed in one continuos arc.

● no information is lost from one data fit to the next.
● phase and phase windup is continuos over successive data fits.

Currentlv uses Gipsv-Oasis  II software.“ w
— extremely flexible, useful for tuning and detecting problems.
— not optimal for real-time processing.
— future implementation will be Real-Time Gipsy (RTG)

● coded in ANSI c.

● no complex file interfaces.

ION National Technical Meeting, Santa Monica, CA
I

16-Jan-1997 3
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14 Station SATLOC Network
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Assessment of Orbit Errors
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Orbit Results of SATLOC Network
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Extended Network

T
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69 SATLOC network ❑ additional peripheral sites
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Troposphere Results
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